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ABSTRACT

The survey of chemiluminescent autoxidation reactions has been
continued. Of the forty odd additional compounds screened, the
large majority show enhanced chemlluminescence over background in
potassium t-butoxide dissolved in dimethylsulfoxide (DMSO). About
one-third of the reactants exceeded 1% of the standard source
brightness. The latter group includes several substituted benzoins,
demonstrating the generality of the chemlluminescence of the oxi-
dation of this class of stable radicals.

The chemiluminescence of 1indole and several 3-substituted indoles
has been investigated. In t-BuOK and DMSO solution, 5x10"3 M
skatole 1is abocut fifty times brighter than the standard source.

At a base concentration of 0.067 M the brightness is an increasing
function of skatole concentration to almost 0.1 mole/liter. At
this ~oncentration the brightness 1s 400 times that of the stand-
ard, .r about half that of 5x10~3 M luminol. Emission and fluor-
escence spectra (uncorrected) have been obtained for the basic
skatole solution and for the addition, 104 M fluorescein.
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I. INTRODUCTION

In the previous report (ref. 1) initial results were glven for

the chemiluminescence of selected autoxidation reactlons in basic
aprotic media. The measurements were carried out by injection of
a potassium t-butoxide (t-BuOK) solution into a solution of the
autoxidizable compound in dimethylsulfoxide (DMSO) or other
aprotic solvent. The initial light pulse is measured by & record-
ing photometer (ref. 1). After decay of the initial pulse from
the generally air-saturated solutions, an oxygen bubbler is turned

on and the photometer current resulting from chemiluminescence is
measured as a function of time.

We report here on the ccntinuation of this survey, including fur-

ther investigation of the chemlluminescence of the acyloins and
indolies.

II. INSTRUMENTATION

During the past quarter the scanning photoelectric spectrometer
was assembled and aligned. The instrument has been shown to have
excellent sensitivity at relatively high resolution. A simple,
broad band excitation unit for qualitative fluorescence measure-
ments was constructed utilizing two GEF4T5-BLB lamps for front
surface excitation. Signal-to-noise ratios > 100 were observed
for the fluorescence spectrum of basic solutions of skatole in
DMSO (see Section IIIB for details). The equipment for quanti-

tative fluorescence and chemiluminescence spectral brightness is
being assembled.

A tritiated phosphor source (ref. 2) has been adopted for stand-
ardization of the photometers. This procedure has the obvious
advantage that results obtained at different times, or with dif-
ferent photometers may be meaningfully compared. The measurements
of intensity of gross chemiluminescence are, therefore, presented
in this report as the ratio of the photometer current produced by
the sample to that produced by the "blue" phosphor source.
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III. EXPERIMENTAL RESULTS

A. SURVEY OF AUTOXIDATION REACTIONS

The compounds surveyed and the results obtained during the past
quarter are given in detail in Appendix 1. In Tables 1 and 2 we
have assembled for convenience a cumulative summary of the
brighter reactants, defined as those whose peak int¢ isity photo-
meter current is at leact one per cent of that produced by the
standard source. The nominal brightness of the source is 5 micro-
lambert. The emlssion is stated to peak at 414 nm. Even neglect-
ing geometrical factors, thLis ratio cannot be considered a bright-
neéss ratio for noncoincident emissiovn spectra.

1. True Autoxidations

Table 1 1ists the "bright" systems which appear to be undergoing
true autoxidation reactions, as Judged by, first, the requirement
for oxygen and the existence of an inductive period before maxi-
mum intensity is obtained, and second the lack of sensitivity of
the luminescence to purification of the reactants.

a. Acyloins

The luminescence observed for the substituted benzoins supports
the view that a new class of chemiluminescent reactions has been
discovered. Anisoin appears to be similar in emission intensity
to benzoin, although quantitative comparisons are difficult to
make in the absence of quantitative spectra. Furoin, as expected
from the relative destabilization of the radical compared to ben-
zoin, 1s clearly a weaker emitter. A very striking effect is
noted for Q,m-dihydroxybenzoin. The intense absorption noted

for the other compounds and presumed to be that characteristic of
the free radical is absent. Nevertheless, both the emission in-
tensity and induction period are of the same order as observed

for benzoin and the closely related anisoin. 2,2'-Dihydroxy -
benzoin which does form the dark solution has an (unsensitized)
emission intensity lower by almost an order of magnitude from
that of the 4,4'-isomer. Although more detailed investigation

of these effects 1s required to understand %the phenomena, one

may speculate that specific resonance interactions may drastically
reduce the free radical concentration in the 4,4 '-compound. The
decrease in self-absorption of the solution may thus balance out

a sharp fall in the reaction rate of the chemlluminescent reaction.

The observed sensitivity of the peak luminescence intensity to
the procedure details such as stirring, oxygen flow rate, and
degree of dispersion is probably accounted for by the competing
rates of the chemiluminescent reaction (presumably the oxidation
of the free radical anion) which emits radiation and the overall
rate of oxldation which reduces the self absorbance.

2
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Table 1

"BRIGHT" AUTOXIDATION REACTIONS

Compounds

A. Acyloins

Benzoin#*

Benzoin#*

Benzoin

Benzoin

Benzoin

Benzoin

Benzoin

Anisoin

Anisoin

4,4 'Dihydroxybenzoin
4 4 'pDihydroxybenzoin
2,2'Dihydroxybenzoin
Hydrocarbons

Fluoranthene
Fluoranthene
Fluorene*
Fluorene®

C. Indoles

Indole
Skatole

D. Ketones

9-Fluorenone*
Benzil*

—p

Previously reported.

Reaction conditions are 5x10-3 M in 0.1 M t-BuOK in DMSO unless
Sensitizers are 1074 M.

otherwise noted.

follows:
DMF = dimethylformamide DMSO =
DPA = 9,10-diphenylanthracene TP = p-terphenyl

Reaction
Conditionst

t-BuOK = 0.016
in DMF
DPA.
DPA in DMF
fritted gas dispersor
DPA

TP or DPA
DPA

fritted gas dispersor
in DMF

0.067 t-BulK

in DMF

I/Lot

X

OO0 FOO
VNl el ST VR S
ANOOWM OO0

.

0.1

(6.620.8)x10°2

0.15

2.4x10"2

kx10-2
10-2

(5841 )x10-2
0.13

1.5x10°2

2,0x10"2

Abbreviations are as

dimethylsulfoxide

Ratio of photometer current, I, to that produced by standard

source, Ilo.
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Table 2
"BRIGHT" INITIAL FLASH REACANTS*

Reaction
Compounds Conditionst I/1c¢
A. Previously Reported (ref. 1)
2-Benzylimidazoline +HC1 see below 0.6
Benzeldehyde 2x1072
Dibenzothiopher 2 3X10°2
o-Anisidine TP or TPB ~2x1073
Phthaldiamide TPB 1x10”
u-Dimethylhydrazine 2x10-2
B. Not Previously Reported
Furoin 1.65x10°2
3(N-R formimidoyl) indoles:
R=phenyl 1x10™2
R=2-thiazoyl 4x10-2
R=2-pyridyl 1x10-2
Indene 1x10-2
Indane 1x10-2
Indane DPA, TP or RUB 3%x10-2
Cinnamaldehyde 0.1
Cinnamaldehyde TPB 0.3
Cinnamaldehyde TP 0.20
Benzylimidazoline -HC1 1x10-2
aydrazine dihydrochloride 2x10-2
Benzhydrol RUB 1x10~2
Isophthalic acid 2x10~2 o
Isophthalic acid TPB or TP 3.540.5)x10"
Anthraquinone 2x10°2
Anthraquinone TPB or TP 3x10°2
2-Naphthol 2x10-2
Benzamide DPA 1x10°2
Benzamide TPB 2x1072
Salicylhydrazide -TP 1x10-2
Salicylhydraz!de DPA . >2x10°2
Salicylhydrazide TPB 4x10"2
"1-Nitroso-2-naphthol” (pract.) 8x10-2
#* For compounds not already listed in Table 1.

Reaction conditions are 5x10°3 M in 0.1 M t-BuOK in DMSO unless
otherwise noted. Sensitizers are 10°* M. Abbreviations are as
follows:

DMF = dimethylformamide DMSO = dimethylsulfoxide

DPA 9,10-diphenylanthracene TP = p-terphenyl

TPB = tetraphenylbutadiene RUB = rubrene

Ratio of photometer current, I, to that produced by standard
source, Iop.

i
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In summary, we have shown that acyloin oxidation, at least for
fairly well resonance-stabilized structures, leads generally to
chemiluminescence and that relatively simple structural variation
may lead to striking modification of system behavior. Much fur-
ther work 1s r-auired to elucidate this behavior in detail in
order to 1isolate relatively efficient chemiluminescent reactions.

b. Indoles

(1) Chemiluminescence of Skatole

Upon being informed by Professor F. H. Johnson that Dr. Totter (ref. 3)
had observed that ckatole was the brightest of the Indoles tested

in DMSO and aqueous KOH, we compared the emission tc¢ Lhat obtained

in the aprotic solvent DMSO and t-BuOK. The results are given in
Tuble 3. The decay half-1ife for the conditions above was apr.ox-
imately constant at 290 + 10 seconds. The increase in brightness
observed in the nonaqueous solvent 1s apparent.

Table 3
SKATOLE LUMINESCENCE IN AQUEOUS DMSO
(skatole = 3x1073 m/1)

|
. Base |
Solvent, Concentration,

vol-% Ho0 m/1 /1, Remarks

11 0.55 KOH 9 probably |

' two-phase 1

2 0.067 KOH 14 1‘

0 0.057 t-BuOK 60 I

SR R s

The dependence of the skatole peak emission intensity upon skatole
concentration at a fixed base concentration is shown in Figure 1.
At these conditions deviation from linearity occurs at concentra-
tions greater than =2 x 102 M., Investigation of the base Ge-
rendence of the peak emission intensity at 5 x 1073 M skatole
reveals that the peak intensity rises with base concentration
until a 1:1 mole ratio is attained. The intensity then remains

%onstang and begins to decline again at high base concentrations
>0.1 M).

A AR AT
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Preliminary measurements made at high skatole concentration with
high base concentrations indicate very little change 1n the shape
of the emission peak vs concentration curve of Figure 1. It ap-
rears, therefore that the departure from linearity observed 1is

to be attributed to concentration quenching since self absorption
by reactants or products is small.

(2) Related Indoles

We have examined several 3-substituted indoles (available to us
from another program) since they are structurally related to the
tentative structure assigned to Cypridina luciferin (ref. 4), viz.,

@ CH=CH—N —C —(CHz) 3—NH—C —NH»
: =t 2

H o

s

C'I‘s/ \C 2Hs

The indoles investigated have the structure

®0H=N-—R

H
where R 1s an aromatic substituent. The oxidation peak emission

for these 3(N—R formimidoyl) indoles is found to be more than
two orders of megnitude below that of indole.

(3) Chemiluminescence and Fluorescence Spectra

We have obtained preliminary emission and fluorescence spectra
for skatole in t-BuOK and DMSO solution. The data reported are
qualitative only, since the required calibrations and correctlons
have not yet been carried out. The gross emission spectrum for
10"2 M skatole in 0.067 M t-BuOK in DMSO three minutes after oxy-
gen bubbling commenced is shown in Figure 2, curve B, The scan
rate was &220 nm/min. Since the decay half-1ife under these con-
ditions exceeds five minutes and the peak half-intensity width

is 75 nm, 1little shape distortion is introduced by the chemical
decay. The uncorrected emission peak is at 489 nm.

R
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The uncorrected fluorescence emisslon for an aged, initlally air-
Saturated solution of 102 M skatole in 0.067 t-BuOK (taken in
different geometry) is found to peak at 474 nm.

In Figure 2, curve A, 1s also presented the emlission spectrum for
skatole in the presence of 10™% M fluorescein at two minutes after
oxygen turn-on. In addition to the major fluorescence emission
peak at 555 nm the shortwave emission p=ak 1s observed at 466 nm
(with a shoulder at 489 nm). These features are rather well re-
produced in the fluorescence spectrum of an identical flucrescein-
skatole solution (taken in the absence of oxygen). The major
fluorescence peaks occur at 548 and 461 nm. Since this emission
(at 466 in chemiluminescence and 461 in fluorescence) appears in
neither pure f{luorescein nor pure skatole 1t appears most likely
to be the tall of the skatole emission modified by fluorescein
absorption. Since both curves of Figure 2 were taken under iden-
tical condlitlions they may be directly compared, but only at the
same wavelengths.

We have, therefore, demonstrated only that a wavelength shift is
readily obtained in the reaction. To determine whether true en-
ergy transfer occurs (i.e.< sensitized emission leading to in-
creased quantum efficlency, or merely "trivial" fluorescence (i.e.,
absorption and reradiation with no ircrease of quantum efficiency)
we must awalt calibration of the instrumentation.

¢. Hyarocarbon Autoxidation

The peak chemiluminescence intensity of the autoxlidation of the
condensed aromatic hydrocarbon fluoranthene has been found to be
comparable to that of benzoin. As for benzoln, no decrease of
luminescence 1is observed upon purification. In this case the
product species are highly absorbing. Although it is tenmpting to
relate this reaction to the electron-transfer luminescence reac-
tions recently studied (ref. 5), many possible reaction paths
clearly exist. Further investigation, including elementary struc-
tural variation, appears desirable.

2. Bright "Flash" Reactions

In Table 2 are listed those reactants which are distinguished by
their initial luminescence "flash" and are not already listed in
Table 1. That 1is, any lumlinescence during autoxidation does not
attain the arbitrary level of 1% of the standard.

It might be expected that several different classes of reactants
may be found in this category. As a result of the fairly rapid
mixing at injectlion, ftrace oxidants such as peroxides present as
impurities, may raplidly attack the class of substance undergoing
inefficient chemiluminescent autoxidation. Thus furoin gives a
bright initial flash cn mixing generally larger than the subse-
quent autoxlidation peak. In the presence of tetraphenylbutadiene,

0 MONSANTO RESEARCH CORPORATION ¢
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the initial flash exceeds the brightness level for 1inclusion in
Table 2.

Another group 1s represented by compounds which appear to contain
chemiluminescent Impurities at low concentrations. An Eastman
"practical” grade of l-nitroso-2-naphthol (NN) has been found to
produce a bright flash, which is reduced in intensity by recrys-
tallization by an order of magnitude. The residue, on the other
hand, ylelds an increased emission iIntensity. Efforts are under
way to ldentify the active specles. 2-Benzylimidazollne hydro-
chloride has been found to give an 1initial flash which variles
over two orders of magnitude and 1s dependenc as well on the
source of supply.

Finally the flash produced by compounds which are knowr to be
sensitive to peroxidation induced condensations,of which cinnam-
aldehyde 1s an outstanding example, clearly require detailed in-
vestigation to isolate the actlive species.

In summary, a considerable number ot reactions exist which provide
promising clues to the existence of possible chemlluminescent
reactions of high efficiency as shown by thelr relative bright-
ness at (presumably) low concentrations. The major problem to be
solved is the determination of the identity of the reactant
species.

IV. FUTURE WORK

A. INSTRUMENTATION

The most urgent requirement is _the energy callbration of the
scanning spectrometer and completion of the quantitative fluor-
escence apparatus. This will permit determination of chemilumin-
escence and fluorescence brightness in the meaningful units of
photons/cm3® - unit bandwidth and permit computation of the funda-
mental quantum efficlencles.

We propose to carry out phototube callbration by substitution of
an energy calibrated thermopile and overall instrument calibra-
tion by use of fluorescent and chemiluminescent standards 1in
fixed geometry.

B. RESEARCH OBJECTIVES

The objectives for the remainder of this contract peri " are:

10
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1. Determination of the spectral bri%htness for selected acyloins,
indoles, and selected additional "bright" species.

2. Determination of fluorescence quantum efficiencles for the
above-selected species under reasonably optimum conditions.

3. Determination of near-optimum reaction parameters for skatole
oxldatlion, including 1lnvestigation of sensitizer, solvent and
reaction catalysts.

4. Continuation of the chemiluminescence survey for selected
substrates. In Appendix 2 1s given an additional 1listing of
compounds now on hand retrieved from the Monsanto Company
file selected for the survey.

V. REFERENCES

1. "Chemiluminescent Systems", Tech. Report No. 2, Contract
Nonr-4511(00), ARPA Order No. 299, Amend. &, Monsanto Research
Cocrp., Everett, Mass., MRB3009Q2, 15 December 1964,

2. Luminous Products Corp., Boston, Mass., Model NEP-1.

3. "Chemical and Ezymatic Studiles on the Conversion of Chemical
Energy to Light", Final Tech. Report, Contract AF-AFOSR-62-73
and AF-AFOSR-44-63, G. E. Philbrook, University of Georgi.,
June 1964, AD 602798.

4. Y. Hirata, et al, Tetrahedron Lettes, 5, 4 (1959).

5. E. A. Chandross and F. I. Sonntag, J. Am. Chem. Soc., 86,
3179 (1964).
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APPENDIX 2

SAMPLES RETRIEVED FROM MONSANTO COMPANY
SRC FILE FOR SCREENING PROGRAM

1,4 Bis(dimethyldithiocarbamoyl J)but-2-yne
Tetrahydro-2-thio-2H-1,3-thiazine

Oxazclidine-2-thione

N-Isopropyltrifluoroacetamlide

Phenyl (phenylcarbamoyl )phosphinic acid

Ethyl hydroxy carbamate

Ethyl 2-cyano-3-(4-diethylaminophenyl)acrylate
N,N-Methylphenyl-N'-benzenesulfonylformamidine
1-Methyl-1-phenyl-2-sulfinylhydrazine
3,7-Thiaxanthenediamine-5,5-dioxide

5-Methyl-3(beta pyridyl)l,2,4-cxadiazole
2,5—Bis(4-methoxyphenyl{—thiazolo{5,4-d]th1azole
Disemicarbazone ot 2,2,4,4-Tetramethylcyclobutanedione

L -Hydroxy-2-benzoxazolethiol
1-Methyl-2-acetylimino-5(4-methoxybenzylidene )4-imidazolidinone
Triphenylphosphoranylidene-2-propanone
2,3-Epoxy-2,3-dihydro-1,4-naphthoquinone
alpha-Cyanoacetamide

Thianaphthene

alpha chloro-gamma-hydroxyacetoacetic acid gamma lactone

4 _Hydroxycoumarin

1,3-Di-p-tolyluretidine
Triphenylphosphine-p-toluenesulfonylimine
Tris(p-dimethylaminophenyl)phosphine-p-toluenesulfonylimine
iactic Acid hydrazine
3,8-di-n-butyl-N-(phenylsulfonyl)sulfilimine
2-(2-Hydroxyethy1)-5-pheny1-2,X-pentadienoic acid gamma lactone
3-(1-Hydroxy-N-phenylformimidoyl)acrylic acld gamma lactone
alpha-(E-Hydraxyethyl)-p-methoxycinnamic acid gamma lactone
5(o-Chlorophenyl Jhydantoin

alpha Benzylthlocinnamide

N-Anilinophthalimide

2,4-Dimethoxybenzylidenemalonitrile

Dif .rfuryl vinylene dicarbamate

2 -carone

10,10'Bianthrone

2,5-Diphenyl 1,3,4-oxadiazole

1,4,7-Tris(p-tolylcarbanoyl )dodecahydro 1,4,7,9~tetraazzaphenalene
Tetracyano ethylene

Pyrrole-2-carboxaldehyde
3-Isonicotinamido-U4(3H)-quinazolinone
5-Pyridylmethylenemalononitrile

10(Dicyanomethylene Janthrone
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Bis(beta naphthyl)fumarate

4-Pyridine carboxaldehyde
2,3-Dihydro-3-cxo-6-pyridazinyltanzoate
2{p-Chlorophenylacylthio)-2-imidazoline
5-Benzylidenethiazolidine 2,4-dione
Benzaldehyde[ p-(tricyanovinyl )phenyl]lhydrazone
L -Methoxybenzaldehyde dimethylhydrazone
1,4-Bis(dicyanomethylene )cyclohexane
7,7,8,8-Tetracyano-p-quinodimethan
>-Cyanomethyl-4-cyano-5-aminopyrazole
p-Anisamidoxime

Tris(p-tolyl)rhosphine

= Bis%triphenylphosphine)nickel dithiocyanate
_ Bis(l-aziridinyl)phenyl phosphine sulfide
2,2-Dimethyl-1,>3-propanediol cyclic sulfide
_ N-Furfurylphthalamic acid
Ethyl-2-cyano-3-(2-thienyl Jacrylate
1,4-Bis(dime thylcarbamoyloxy )benzene
Carbohydrazlde~N-carboxamide

Pher thylisothiocyanate

Anisic aclid hydrazide

Cyanoace tohydrazide

Cinnamylethyl carbonate
p-(Benzyloxy)-alpha-2-hydroxyethylcinnamic acid gamma lactone

W“me
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